SUMMARY
To test the directness of factors in initiating PIWIdirected gene silencing, we employed a Piwi-interacting RNA (piRNA)-targeted reporter assay in Drosophila ovary somatic sheet (OSS) cells [1] . This assay confirmed direct silencing roles for piRNA biogenesis factors and PIWI-associated factors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] but suggested that chromatin-modifying proteins may act downstream of the initial silencing event. Our data also revealed that RNA-polymerase-II-associated proteins like PAF1 and RTF1 antagonize PIWI-directed silencing. PAF1 knockdown enhances PIWI silencing of reporters when piRNAs target the transcript region proximal to the promoter. Loss of PAF1 suppresses endogenous transposable element (TE) transcript maturation, whereas a subset of gene transcripts and long-non-coding RNAs adjacent to TE insertions are affected by PAF1 knockdown in a similar fashion to piRNA-targeted reporters. Additionally, transcription activation at specific TEs and TE-adjacent loci during PIWI knockdown is suppressed when PIWI and PAF1 levels are both reduced. Our study suggests a mechanistic conservation between fission yeast PAF1 repressing AGO1/small interfering RNA (siRNA)-directed silencing [13, 14] and Drosophila PAF1 opposing PIWI/piRNA-directed silencing.
RESULTS AND DISCUSSION
Factors Affecting the Initial Triggering of PIWI-Directed Silencing Drosophila ovary somatic sheet (OSS) cells (and related ovarian somatic cells [OSC] line) are derived from follicle cells that form the eggshell [2, 15] and are a key system for studying the primary piRNA pathway in controlling transposable elements (TEs) [4, 5, 7] . Our piRNA-targeted reporter assay [1] introduces a new synthetic piRNA target that is analogous to PIWI engaging a de novo TE transposition event. We hypothesized our assay would yield distinct readouts from previous genetic studies in fly ovaries [16, 17] by testing factors for roles in initiating PIWI silencing and can examine how piRNA-targeted element proximity to a promoter affects PIWI silencing.
We conducted reporter assays in OSS cells by first knocking down piRNA pathway and chromatin-associated and RNA-Pol-II-associated factors with small interfering RNAs (siRNAs) and then transfecting luciferase plasmids containing segments of the Flamenco (Flam) and Traffic jam (Tj) 3 0 UTR piRNA loci, respectively [1] ( Figure 1A ). These piRNA-targeted segments were inserted into the 5 0 intron or the 3 0 UTR of a Renilla luciferase reporter in either ''sense'' orientation (the mRNA is the same sequence as endogenous piRNAs) or ''antisense'' orientation. After normalizing the piRNA-targeted Renilla luciferase against control firefly luciferase, only the antisense reporter is de-repressed when a direct factor like PIWI is knocked down and compared to the siRNA targeting GFP (siGFP) control, whereas the sense reporter is unaffected ( Figure 1B ). Fully normalizing between sense/antisense and the siGFP control yields a silencing capacity measurement that cancels out non-PIWI/piRNA effects ( Figure 1B , right panel).
We tested known Piwi pathway factors, such as (1) PIWI-associated factors MAELSTROM (MAEL), ASTERIX (ARX/GTSF1), and PANORAMIX/SILENCIO (PANX/SILE); (2) piRNA biogenesis factors ARMITAGE (ARMI) and ZUCCHINI (ZUCC); and (3) four Tudor-domain-containing germline-specific factors expressed in OSC/OSS cells: SPINDLE-E (SPN-E); KRIMPER (KRIMP); QIN; and TUDOR (TUD) [18] . Although OSS cells only generate primary piRNAs, they ectopically express Tudor-domain factors implicated in secondary piRNA biogenesis [19] [20] [21] [22] . We validated knockdowns ( Figure S1 ) and observed de-repression of the Flam reporter in all Piwi pathway factor knockdowns except for KRIMP, QIN, and TUD ( Figure 1C) . Knockdowns of MAEL, ARX/GTSF1, and PANX/SILE do not affect primary piRNA levels [3, 6, [8] [9] [10] ], yet their association with a target-engaged PIWI complex supports a direct role in silencing. Reporter de-repression from knockdown of the primary piRNA biogenesis factors ARMI and ZUCC recapitulates the loss of PIWI, which is destabilized if piRNAs are absent [3, 4, 11, 12, 23, 24] . Although we expected the lack of impact on PIWI silencing from knocking down KRIMP, QIN, and TUD, SPN-E's impact on PIWI-directed silencing was unexpected because it does not affect primary piRNA levels [3, 21] . In addition, the Tj-3 0 UTR-piRNA reporters were de-repressed during the knockdown of known Piwipathway-specific factors ( Figure S1C ), thus confirming SPN-E directly affects PIWI silencing.
Interestingly, PANX/SILE impacts silencing of the Tj-3 0 UTRpiRNA reporter even though PANX/SILE normally does not interact with genic piRNAs from the Tj-3 0 UTR-piRNA locus [6] . Perhaps after the transfected reporter engages PIWI with Tj-3 0 UTR-piRNAs, the complex must interact with PANX/SILE to trigger silencing. PIWI-targeted loci eventually accumulate histone H3 lysine 9 trimethyl (H3K9me3) marks [7, [25] [26] [27] . To test whether depositing H3K9me3 is required for PIWI silencing, we knocked down Drosophila histone methyltransferases (HMTases) SU(VAR)3-9, G9A, and EGG; the EGG co-factor WINDEI (WDE); and heterochromatin-associated proteins HP1A and histone H1 (Figures S1A and S1B). Flam reporter silencing was unaffected by knockdowns of these chromatin factors ( Figure 1D ), suggesting that they do not impact initial steps of PIWI-directed silencing.
Chromatin-associated factors may not be required for silencing piRNA reporters that accumulate some H3K9me3 [1] . Alternatively, chromatin factors may act downstream of PIWI interaction with nascent target RNAs. For example, H1 knockdown unleashes many TEs that only partially overlap with PIWI knockdown, whereas HP1A and SU(VAR)3-9 knockdowns show mild TE expression and chromatin changes [5] . Our data are consistent with other studies and allude to distinct downstream chromatin regulation by H1 and HMTases on piRNA-targeted loci.
Next, we examined transcriptional regulators because ATU and TFIIS were previously implicated in piRNA silencing of a transgenic gypsy-lacZ reporter in fly ovaries [17] . Knockdown of ATU and TFIIS did not affect either 5 0 intron or 3 0 UTR-configured Flam reporters ( Figure 1E ), suggesting that they act downstream of PIWI-initiated silencing in fly ovaries. Because ATU is the homolog of Leo1, a component of the yeast PAF1 complex, we tested other Drosophila PAF1 complex factors, such as PAF1, RTF1, CTR9 (also called CG2469) [28, 29] , and HYRAX (HYR) (homolog of CDC73) [30] . Only HYR knockdown impaired PIWI-directed silencing, whereas CTR9 knockdown lacked impact on the Flam reporters ( Figure 1E ). Interestingly, PAF1 and RTF1 loss both enhanced PIWI-directed silencing on the 5 0 intron Flam reporter. Although Drosophila PAF1 and RTF1 promote RNA Pol II elongation and histone H3 lysine-4 trimethyl (H3K4me3) accumulation [31, 32] , increased reporter silencing was unlikely to be an artifact of general transcriptional changes. First, the assay's full normalization process cancels out global RNA Pol II activity. Second, modest increases in control firefly luciferase during PAF1 and RTF1 knockdowns indicate general transcription is active ( Figure S1D ). Finally, PAF1 and RTF1 knockdowns reduced Flam and Tj-3 0 UTR piRNAs ( Figure S1E ) while enhancing PIWI-directed silencing. Therefore, we conclude PAF1 and RTF1 directly modulate piRNA reporter silencing.
PAF1
Modulates PIWI Silencing of a piRNA Target Proximal to a Promoter Fission yeast PAF1 complex (PAF1C) mutants enhance AGO1/ siRNA silencing [13, 14, 33] . However, yeast PAF1C's impact leads to ''on-off'' states of silencing depending upon promoter strengths [14] , histone turnover, and heterochromatin spreading [33, 34] . In contrast, PIWI silencing in OSS cells may be a tunable event. The 5 0 intron Flam reporter is de-repressed more strongly compared to the 3 0 -UTR-configured reporters ( Figure 1C ). In addition, only the 5 0 intron Flam reporter shows enhanced silencing during PAF1 knockdown ( Figure 1E ).
To test whether PIWI silencing is influenced by the location of piRNA-targeted elements to the promoter, we constructed reporters containing shorter Flam and Tj-3 0 UTR piRNA elements to enable reporter translation when inserted in the 5 0 UTR, upstream of the intron (Figure 2A ). These elements were inserted in to the 5 0 UTR, 5 0 intron, 3 0 intron, and 3 0 UTR locations that are 30 bp, 70 bp, 1,020 bp, and 1,230 bp away from the plasmid promoter, respectively. For both Flam and Tj segments inserted into the 5 0 UTR, 5 0 intron, and 3 0 intron, reporters were derepressed by PIWI knockdown and enhanced in silencing during PAF1 knockdown ( Figures 2B and 2C ). However, no enhanced silencing was seen for piRNA-targeted segments in the 3 0 UTR after PAF1 knockdown, perhaps because elements are too far or too close to the promoter or transcription termination signals, respectively. Interestingly, enhanced siRNA silencing in yeast may be linked to transcription termination, as seen in mutations in Ctf1/CstF64 [13] .
To test how modulating transcription affects PIWI silencing, we knocked down Drosophila DRE4 (homolog of Spt16/FACT), CSTF64, and CDK9/pTEFb, factors regulating transcription elongation, termination, and RNA Pol II pausing, respectively. DRE4 and CSTF64 knockdowns enhanced silencing of 5 0 intron piRNA reporters, whereas silencing was de-repressed in CDK9 knockdowns ( Figure 2D ). DRE4 and CSTF64 knockdowns directly enhance PIWI-directed silencing because control firefly luciferase expression was unaffected ( Figure S1D ). Although CDK9 knockdown reduced firefly luciferase, normalization indicates de-repression of the piRNA-targeted Renilla luciferase. Finally, 3
0 UTR-configured piRNA reporters were unaffected by knockdown of transcriptional regulators. These results suggest paused RNA Pol II release promotes piRNA engagement, whereas general transcription elongation and termination counters PIWI-directed silencing similar to siRNA silencing in yeast [13] . Future studies will distinguish animal PAF1's role in regulating transcription elongation, termination dynamics, and promoting paused RNA Pol II release [35] [36] [37] .
Loss of PAF1 Reduces Maturation of Endogenous TE Transcripts
Homozygous mutants and whole-fly knockdowns of Drosophila PAF1 factors are lethal [28] [29] [30] 32] . To test the impact of Drosophila PAF1 in ovary development, we used transgenic RNAi to knock down dPaf1 and dRtf1 with germline Nos-Gal4 and soma Tj-Gal4 drivers ( Figure S2 ). Testing multiple RNAi constructs, most females with the Tj-Gal4 driver displayed rudimentary ovaries ( Figure S2Aiii ). The Nos-Gal4 driver caused even stronger gonadal collapse (Figures S2Av, S2Avi, and S2B). These severe ovary defects highlight the importance of dPaf1 and dRtf1 in Drosophila oogenesis.
To test how Drosophila PAF1 affects transcriptomes under PIWI regulation, we focused on OSS cells that were viable after PAF1 knockdown. We profiled nascent and mature RNAs following treatment with siGFP control, siPIWI, siPAF1, and siPIWI+siPAF1 together. We confirmed loss of piwi and dPaf1 mature transcripts after each specific siRNA treatment (Figure S2C ). Unchanged RP49/RpL32 ribosome transcripts between treatments allowed us to compare fold change in reads per million (RPM). Efficacy of siPAF1 knockdown was supported by metagene analyses showing higher nascent RNA levels in siPAF1 knockdown at the 5 0 and 3 0 portions of genes ( Figure S2D ).
Although several TEs were upregulated at both nascent and mature RNA levels, some TEs, like ZAM, copia, and springer, which have increased genomic copy numbers in OSS cells [38] , were mainly upregulated at the mature RNA level after siPIWI knockdown ( Figures 3A and S3) . Overall, mature TE RNAs were more strongly upregulated than nascent RNAs after siPIWI knockdown ( Figure 3A) , consistent with previous observations that PIWI uses transcriptional and post-transcriptional mechanisms [7, 26, 38] . In siPAF1 knockdowns, TE nascent RNAs increased whereas TE mature RNAs decreased ( Figures 3A, S3A , and S3B), consistent with previous observations of increased nascent RNA from genes after PAF1 knockdown [35] , which then allows PIWI to better engage TE transcripts. When PIWI and PAF1 were knocked down simultaneously (siPIWI + siPAF1), TE nascent RNAs remained as elevated as siPIWI and siPAF1 individual knockdowns, whereas several TE mature RNAs that were previously downregulated in siPAF1 knockdown alone were now relieved of this repression ( Figure 3B ).
In addition, siPIWI knockdown upregulated mdg1 and mdg3 nascent and mature transcripts, respectively, whereas siPAF1 knockdown reduced their respective TE transcripts ( Figures 3B  and S3B ). During siPAF1 knockdown, the positive strand of nascent RNAs from I-element and 412 TEs were reduced, whereas only the mature RNAs of ZAM and Idefix TEs were decreased. These data suggest (1) PAF1 antagonizes PIWI silencing of specific endogenous TEs, (2) silencing is enhanced when PAF1 is reduced, and (3) TE expression is balanced when both factors are knocked down.
PAF1 Antagonizes PIWI Regulation at Specific TEProximal Genes and Long Non-coding RNA (lncRNA) Loci PIWI silencing affects expression of genes near TE insertions [7, 10, 38] . About 9% of genes near TEs were upregulated at nascent RNA levels after siPIWI knockdown, whereas $35% of genes were upregulated at mature RNA levels, highlighting post-transcriptional regulation ( Figure 3C ). Most TE-proximal genes upregulated by PIWI knockdown were also elevated in nascent and mature RNAs after PAF1 knockdown alone and when both PIWI and PAF1 were reduced together ( Figures 3C  and S3E) . However, some genes were post-transcriptionally regulated like TE transcripts because nascent RNA changes were different from mature RNA changes after PIWI and PAF1 knockdowns ( Figures S3E and S3H) . Finally, many genes without proximal TEs displayed elevated mature RNAs after both siPIWI and siPAF1 knockdowns, but the directness of this effect is unclear ( Figure 3C) .
A set of TE-proximal genes displayed PIWI/PAF1 antagonism similar to specific TEs and piRNA-targeted reporters. Their (legend continued on next page) nascent or mature RNA levels were upregulated and downregulated after PIWI and PAF1 knockdown, respectively ( Figures 3D  and S3E) . Notably, these genes' expression levels were restored to similar levels as the siGFP control when both PIWI and PAF1 were reduced simultaneously. Insertions of mdg1, mdg3, springer, and ZAM mirrored their overall higher copy numbers in OSS cells ( Figure S3E ). Exemplified in Figures 3D and S3H , these TEs lie either within 5 0 introns or upstream of the promoter. Nascent transcript reads trailing beyond the TE may reflect TE capacity to alter chromatin and RNA Pol II activity at these loci.
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OSS cells also express TE-linked lncRNAs that can interact with PIWI independently of piRNAs [38] . TE-linked lncRNA expression was increased after PIWI or PAF1 knockdown but was re-balanced when PIWI and PAF1 were reduced together ( Figure 3E) . Only a few lncRNAs were downregulated after PAF1 knockdown ( Figures 3F and S4 ). Other TE-linked long transcripts (TELLTs) begin upstream and continue through the same strand as protein-coding genes; thus, we could not classify them as lncRNAs ( Figures 3G and S4E ). These TELLTs and lncRNAs support PIWI-PAF1 antagonism in the OSS cell transcriptome.
Further Validating the Antagonism between PIWI and PAF1
To extend the transcriptome analysis, we conducted chromatin immunoprecipitation (ChIP) of H3K4me3 and H3K9me3 from cells with PIWI and PAF1 knocked down and transfected with Flam 5 0 intron reporters. After PIWI knockdown, we saw expected reductions in H3K9me3 on piRNA-targeted loci, such as the blood TE loci, the Mec2 locus, and the antisense reporter ( Figure 4A ). PAF1 knockdown also increased H3K9me3 on the blood TE loci, consistent with greater PIWI engagement, but only modest changes in H3K9me3 were observed at the Mec2 locus and the antisense reporter. PAF1 knockdown also decreased H3K4me3 at the Act5C and Mec2 loci, whereas knockdown of both PIWI and PAF1 displayed the same reduction of H3K9me3 levels as PIWI knockdown alone. H3K9me3 changes in OSS cells were consistent with other studies in OSC cells after PIWI knockdown [5, 7] , whereas the low levels of H3K9me3 on reporters is consistent with our previous results [1] . These data suggest chromatin marks are indirectly linked to PAF1 antagonism of PIWI silencing.
To see whether PAF1-PIWI antagonism extends beyond Tj-3 0
UTR and Flam reporters, we tested other reporters with roo-I and blood-I internal segments (long terminal repeat [LTR] segments
were omitted to avoid their promoter and termination sequences). These TE segments inserted into the 5 0 intron or 3 0 UTR of Renilla luciferase both did not upregulate after siPIWI knockdown ( Figure S4G ). We attribute this lack of de-repression to these TEs having too few endogenous piRNAs to engage in PIWI silencing. Relative amounts of OSS cell piRNAs targeting roo-I and blood-I were much less than piRNAs targeting the Flam and Tj-3 0 UTR segments ( Figures S4H and S4I ). However, segments from mdg1 and 412 TEs had enough piRNAs for PIWI silencing, and these reporters were de-repressed after siPIWI knockdown ( Figures 4B and S4J ). Similar to Flam reporters, siPAF1 knockdown enhanced the silencing of reporters with mdg1 and 412 segments inserted in the 5 0 intron, but not the 3 0 UTR configuration. Finally, knocking down both siPIWI and siPAF1 together subdued the de-repression of the Flam and mdg1 reporters, perhaps by restoring balance between PIWI and PAF1. Although PIWI immunoprecipitations (IPs) analyzed by western blot and mass spectrometry did not coIP PAF1, the piRNA-reporter assays validate PAF1-PIWI antagonism.
We propose a model of PIWI/piRNA complexes engaging nascent transcripts to trigger initial silencing steps, perhaps upstream of chromatin modifiers that reinforce silencing (Figure 4C) . Although piRNA reporters were unaffected by knockdown of HMTases, the impact of PIWI-associated factors and transcription-modulating factors suggest a distinct mechanism of initiating PIWI silencing on targets like a newly mobilized TE. There could be a destabilization of nascent RNA or inhibition of RNA Pol II elongation rate by PIWI-associated factors prior to heterochromatin formation. Finally, our data reaffirm post-transcriptional mechanisms acting on PIWI-targeted transcripts.
Our piRNA reporter assay measures PIWI-directed silencing effectively, but the 2-to 8-fold increases in reporter expression contrast with >100-fold increases in endogenous TE expression after PIWI knockdown [3] [4] [5] 7] . Greater fold change for endogenous TEs could be due to a much smaller denominator of very low steady-state expression enforced by additional silencing mechanisms acting well on chromosomes but poorly on reporters [6, 8] . Future goals will be to stably integrate reporters and test additional Piwi-pathway-expressing Drosophila cell lines, such as the male-derived WRR-1 cells that contrast the female-derived OSC/OSS cells [39] and the OSC-delta-l(3)mbt cells that express secondary ping-pong piRNAs [18] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 0 end segment reporter (bottom). SD of biological triplicates with significant differences to the siGFP control is shown; *p < 0.05; **p < 0.01; t test. Additional bars mark tests between siPIWI and siPAF1 to siPIWI + siPAF1.
(C) A model proposing that direct factors assist PIWI in targeting nascent and maturing transcripts, with silencing capacity influenced by proximity of the piRNAtargeted element to the promoter. PAF1/RTF1 reduction may stall nascent RNA release to enhance PIWI silencing. See also Figure S4 . 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Nelson Lau (nclau@bu.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
OSS cells were cultured per [40] in M3 media supplemented with 10% heat inactivated FBS, 1 3 fly extract, 10 mg/mL insulin, 0.6 mg/mL glutathione. These cells were previously described in [1, 38] and are deposited with the Drosophila Genomics Resource Center as cell line #OSS. OSS cells are derived from female ovaries, whereas only female flies in RNAi crosses were analyzed. Flies were maintained under standard lab conditions with cornmeal food at 24 C. The Tj-Gal4 driver line was obtained from Eric Lai's lab [42] , while the Nos-Gal4 driver line was obtained from Ruth Lehman's lab [41] . RNAi knockdown lines were obtained from the VDRC [43] and the HMS TRiP Resources [44] .
METHOD DETAILS
Luciferase reporter assays For knockdown of factors, 500 pmol siRNAs were electroporated into one-quarter of a T75 flask worth of OSS cells using Amaxa kit V (program D013). Reporter vectors were transfected 48 hr after siRNA electroporation using FugeneHD (1 ug:1 ug, FugeneHD:Luciferase plasmids, equal amount of Firefly and Renilla reporter vectors; for 2 cm 2 cells). 48 hr after reporter transfection cells were lysed, Renilla and Firefly luciferases activities were measured using the Dual Luciferase Assay Kit (Promega). The Renilla (RN) luciferase signal was normalized against Firefly (FF) luciferase. The RN/FF ratios were then normalized as siRNA/siGFP, and Antisense/Sense.
Reporter gene cloning
The Renilla and Firefly luciferase reporters were based on the reporter constructs used in [1] . Site-directed mutagenesis was used to introduce restriction enzyme sites into regions of Renilla luciferase coding sequence. The oligonucleotides used for amplifying the Flam, Tj 3 0 UTR, mdg1, roo, 412, and blood elements are listed in Table S1 . Genomic PCR fragments containing XmaI, KpnI, KasI, and ApaI sites were cloned into the pFREN vector sites in the 5 0 UTR, 5 0 intron, 3 0 intron, and 3 0 UTR of luciferase, respectively.
Western blots and antibodies SDS-PAGE (SDS-polyacrylamide gel electrophoresis) and western blotting were performed according to standard protocols. Rabbit anti-Piwi was used 1:5000 as described in [1] . Mouse anti-a-Tubulin (E7A) was used at 1:2000. Rabbit anti-HP1a and mouse anti-H1 were used at 1:1000. Rabbit anti-Silencio and Rabbit anti-Eggless were used at 1:500, and 1:1000, respectively. Rabbit anti-Rtf1 and rabbit anti-Paf1 were used at 1:1000.
RNA purification and Northern/RT-PCR analysis
Total RNA was extracted from OSS cells and fractions by TRI-reagent RT (MRC). Reverse transcription was performed using 1 mg of RNA and ProtoScript II reverse transcriptase (NEB). cDNA synthesis was performed by random primer. Oligonucleotides used for specific sequences amplification are listed in Table S1 . Relative changes in gene expression were calculated using the 2DDCt method. RpL32/Rp49 mRNA was used for normalization of gene expression.
Isolation of nuclei and cytosol from OSS cells 1-10 cm plate of day 4 OSS cells were washed with 1x D-PBS, and removed from plate with cell scraper. Cells were then pelleted and resuspended in 1 mL hypotonic buffer (10 mM HEPES pH 7.6, 10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 1X protease inhibitors [Roche]). Triton X-100 was added to 0.5% and the cells incubated on ice 30 min. Cells were then dounced 8 times in a dounce homogenizer with loose pestle. Nuclei were pelleted 5 min at 6000 x g at 4 C. The cytoplasmic supernatant was then carefully decanted into a fresh tube, and 1 mL TRI-reagent was added, along with EDTA to 10 mM final volume. Pelleted nuclei were then subjected to NUNprotocol.
Nascent RNA isolation from OSS cells Nascent RNAs were isolated by the NUN protocol [45] . Pelleted OSS nuclei from 1-10 cm plate were resuspended in 0.5 mL ice cold AT buffer (15 mM HEPES-KOH at pH 7.6, 10 mM KCl, 5 mM MgOAc, 3 mM CaCl2, 300 mM sucrose, 0.1% Triton X-100, 1 mM DTT, 1X protease inhibitors [Roche]) and were lysed by douncing 30 times in a dounce homogenizer with tight pestle. The resulting lysate was divided into 0.5-mL aliquots and layered over 1 mL of buffer B (15 mM HEPES-KOH pH 7.6, 10 mM KCl, 5 mM MgOAc, 3 mM CaCl2, 1 M sucrose, 1 mM DTT, 1X protease inhibitors), then centrifuged at 6000 x g for 15 min at 4 C. The supernatant was discarded and the pellet was resuspended in 0.5 mL of nuclear lysis buffer (10 mM HEPES-KOH pH 7.6, 100 mM KCl, 0.1 mM EDTA, 10% glycerol, 0.15 mM spermine, 0.5 mM spermidine, 0.1 M NaF, 0.1 M Na3VO4, 0.1 mM ZnCl2, 1 mM DTT, 1X protease inhibitors, 1 U/mL RNase Inhibitor) and dounced six times with tight pestle. Then, 0.5 mL of 2X NUN buffer (25 mM HEPES-KOH pH 7.6, 300 mM NaCl, 1 M Urea, 1% NP-40, 1X Complete protease inhibitors) was added drop by drop while vortexing to the nuclear lysate, and then incubated on ice for 20 min prior to spinning at 21,000 x g for 30 min at 4 C. The supernatant was discarded, while the pellet was resuspended with 1 mL TRI-reagent, along with EDTA to [FV] 10 mM. The TRI-reagent/pellet was then incubated at 65 C for 10 min, followed by pipetting to fully dissolve NUN pellet. The NUN isolated nascent RNA was purified according to the manufacturer's protocol, and rRNA and mRNA depletion was performed as in [38] .
Library construction, deep sequencing, and bioinformatics analyses Sequencing library preparation for both nascent RNA and Poly-A-selected mature RNA samples was performed according to the manufacturer's protocol (NEBNext Ultra Directional RNA Library Prep Kit for Illumina). Multiplexed libraries were deeply sequenced on an Illumina Next-Seq 500 with the TruSeq 75bp kit. After separating the barcode sequences, libraries were initially processed with the same custom scripts as detailed in [38] , which includes an initial quality score trimming and filtering of reads against structural RNAs, microRNAs, viral RNAs, and then finally mapped to the D. melanogaster reference genome, build Dm3 / Release 5, with Bowtie [46] , allowing up to 2 mismatches. Because one of the nascent RNA libraries (siPAF1, replicate 2) displayed a preponderance of isolated transcript amplicons that were over-amplified, we applied a ''jackpot read'' filter across all the nascent RNA libraries in the replicate #2 set to remove these isolated jackpot reads, which mainly clarified the read counts for lowly expressed genes and had negligible effects on the remaining genes ($10% of the genome-mapping library was affected in the other libraries for this set, and all expression changes were normalized to the siGFP treatment). The sequencing depth of the libraries processed through this filtering step is listed Table S2 .
The custom ''process'' scripts from [38] tabulated the read counts for reach transposon consensus sequence and each D. melanogaster gene, where read counts were normalized to the number of genome-mapping reads to arrive at Reads Per Million (RPM) counts. For genes, the nascent RNA counts included counts mapping to the gene introns and exons, including 3 0 UTRs. The genomic coordinates of the unambiguously defined lncRNAs identified from [38] were used for counting the expression levels of these transcripts, which were only expressed widely in nascent RNAs but mostly absent in the Poly-A-selected mature RNAs. The RPM counts and expression fold changes were calculated as the average of the two biological replicates. We then only considered the sets of 'expressed' genes and transposons with at least a nascent RNA expression level of at least 0.5 RPMs.
The coordinates for new transposon insertions in OSS cell genomes were derived from [38, 47] , and were cross-referenced to the expressed genes via custom SQL queries written for MS-Access. The expression scatterplots and heatmaps were generated in MS Excel, whereas the boxplots and statistical significance calculations were performed in GraphPad Prism6. The coverage data for metagene plot was extracted using intersectBed and coverageBed tools from the bedtools suite [48] . Coverage plots for genes and lncRNAs utilized UCSC Genome Browser tracks of WIG files generated by the ''process'' scripts, whereas the coverage plots for transposons were carried out by the custom script ''plot_coverage_on_repeat.R.'' The sequencing datasets from this study have been deposited in the NCBI Gene Expression Omnibus (GEO) under the study accession number GEO: GSE84766. analysis comparisons of transposons, genes and lncRNAs, biological duplicates of the four siRNA treatments on OSS cells were analyzed for differences between siRNA treatments to the siGFP control using boxplots whose whiskers represent minimum and maximum values, and significant differences were determined by the Wilcoxon rank sum test.
DATA AND SOFTWARE AVAILABILITY
The sequencing datasets were deposited in the NCBI Gene Expression Omnibus (GEO) under the accession number GEO: GSE84766. Custom Process scripts for transcript counting and WIG file generation from [4] can be found at http://www.bio. brandeis.edu/laulab/pubs_protocols/Sytnikova_etal_GenomeRes2014_Additional_Items.html.
